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ABSTRACT
In this paper we present structural, transport, magnetic and magneto-crystalline anisotropy of La1−xSrxMnO3 (х = 0.30, 0.33, 0.36, and 0.40)
synthesized using the solid-state reaction method. The X-ray diffraction pattern of the samples is well indexed to the rhombohedral structure
with R3c space group. Lattice parameters and unit cell volume are found to decrease monotonically upon increasing Sr2+ concentration at
La3+ site. X-ray photoelectron spectroscopy confirms the presence of Mn4+ and Mn3+, the ratio of which (Mn4+/Mn3+) increases from 0.44 to
0.64 with increasing Sr2+ concentration. From the ρ(T) and M(T) data analysis, we find that TMI and MS are larger for x = 0.33 composition,
suggesting a weakening of the double-exchange interaction due to competing super-exchange interactions in x = 0.30, 0.36 and 0.40 samples.
We calculated MCA constant (K1) by fitting the saturation magnetisation data at a higher magnetic field using the law of approach model,
M =MS [1-a/H-b/H2]-χH with K12 = (105/8)bMs2 and is in the order of 105 erg/cm3.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000119
I. INTRODUCTION
Perovskite manganite La1−xAxMnO3 (A = Ca, Ba, and Sr)
has been thoroughly investigated due to room temperature fer-
romagnetic behaviour in few compositions, both from the fun-
damental and the applied perspective.1,2 Mixed valent Mn3+ and
Mn4+ ions are developed at the Mn-site when trivalent rare-earth
(La3+) ions in LaMnO3 are replaced by the divalent alkaline-earth
elements (Ca2+, Ba2+, Sr2+, etc.). Depending on the ratio of the
Mn3+ and Mn4+ ions, the double exchange (DE) interaction3,4 and
the competition between the DE and super-exchange (SE) interac-
tions can be corelated to the significant enhancement/decrement
in the electrical conductivity and magnetization.5,6 Among the var-
ious perovskite manganites, La1−xSrxMnO3 (LSMO) in the com-
position range 0.30≤x≤0.40, exhibits interesting properties such as;
colossal magnetoresistance, high spin-polarized current (∼90%) and
high Curie temperature (∼370K) due to coupling between the
charge, spin and orbital degrees of freedom, making it a potential
candidate for fundamental research and industrial applications.7,8 In
fact, the characteristic behaviour and transitions in these composi-
tions also depend on the degree of the lattice distortion in the crystal
with varying concentration of Sr2+.4 Another important aspect from
the point of view of the application of ferromagnets is magneto-
crystalline anisotropy (MCA), which is an intrinsic property of a
material independent of grain size and shape and is basically depen-
dent on the crystallographic orientation.9 Anisotropy constants in
polycrystalline materials can be obtained from magnetisation mea-
surements, since magnetisation close to saturation follows the law
of approach to saturation.10 The aim of this work is to study elec-
trical, magnetic and magneto-crystalline anisotropic properties in
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La1−xSrxMnO3 with different concentration of Sr2+ (x = 0.30, 0.33,
0.36, and 0.40).
II. EXPERIMENTAL
The polycrystalline La1−xSrxMnO3 with different composi-
tions were synthesized using the conventional solid-state reaction
method. The raw precursors; La2O3, SrCo3, and MnO2 supplied by
Sigma Aldrich (99.9% purity) were used as starting materials. The
stoichiometric amount of precursors have been thoroughly mixed
and milled for 8 hrs using agate mortar and pestle. The powder had
been calcined at 800 ○C for 24 hrs. The calcined powder was then
milled for 8 hrs and recalcined for 24 hrs at 1050 ○C. The pellets were
prepared by applying a 6-tonnes uniaxial pressure using a commer-
cially made KBr press. Finally, the pellets were sintered at 1350 ○C
for 36 hrs. The structural phase formation of the synthesized sam-
ples was confirmed by the X-ray diffraction measurement technique
using the Bruker D8 advance X-ray diffractometer equipped with
Cu-Kα source of wavelength λ = 1.5406 Å and the lattice parameters
were determined by the Rietveld refinement of the XRD data using
Fullprof™ software.11 The X-ray photoelectron spectroscopy (XPS)
was employed to probe the mixed valence state of the samples. The
XPS was recorded using Al-Kα radiation source with an energy value
of 1486.6 eV. The temperature-dependent resistivity measurement
was carried out using four probe technique. Magnetic measurement
was performed using SQUID-VSM.
III. RESULTS AND DISCUSSIONS
Room temperature XRD along with Rietveld refinement pat-
tern of LSMO with different compositions are depicted in Fig. 1(a-d)
and found to be in good agreement with the rhombohedral struc-
ture (JCPDS card No. 89-4466).12 For each sample, the refinement of
the XRD pattern taking rhombohedral structure (R3c space group)
showed good agreement between experimental and Rietveld pat-
terns. The tolerance factor, lattice parameters obtained from the
refinement and the calculated unit cell volume are specified in
Table I. Table I shows that the lattice parameters and the unit cell
volume decrease monotonically with an increase in the concentra-
tion of Sr2+ in the samples. Here, it can be understood that by
substituting Sr2+ (ri = 1.44 Å) at the La3+ (ri = 1.36 Å) site, the
equivalent amount of larger Mn3+ (ri = 0.645 Å) ions gets converted
into smaller Mn4+ (ri = 0.530 Å) ions. Besides, the radii difference
between La3+ and Sr2+ ions (0.08 Å) is smaller compared to radii dif-
ference between Mn3+ and Mn4+ (0.11 Å), thus the change in B-site
radii is dominant and the change in A-site radii does not account for
a decrease in unit cell volume with an increasing Sr2+ at La3+ site.13
Overall, the Sr2+ doping minimises the distortion of the MnO6 octa-
hedra due to increase in tolerance factor (τ) resulting in a decrease
in the lattice parameters. Similar findings are reported in PSMO and
PCMO.14,15
X-ray photoelectron spectroscopy (XPS) was performed for
the Mn2p element of x = 0.30 and 0.40 samples to determine the
mixed valence ratio of manganese ions (Mn4+/Mn3+). The fitted
XPS plot using XPSPEAK 4.1 software with Shirley background are
shown in Fig. 2(a) and (b), respectively. The spin–orbit interaction of
Mn2p doublet spectra corresponds to Mn2p3/2 and Mn2p1/2 at about
FIG. 1. XRD pattern along with Rietveld refinement of (a) x = 0.30, (b) x = 0.33,
(c) x = 0.36 and (d) x = 0.40 samples.
642.20 eV and 653.60 eV, respectively for x = 0.30, while at 641.89 eV
and 653.24 eV, respectively for x = 0.40. Consequently, the separa-
tion between the doublets is approximately 11.3(4) eV, which is in
agreement with the earlier report.16 It can also be observed from the
Fig. 2 that each Mn2p peaks when fitted, de-convolutes into only
two peaks corresponding to the Mn4+ and Mn3+ ions. Consider-
ing Mn2p3/2 peak, the higher binding energy peak located at around
644.47 (644.315) eV for x = 0.30 (x = 0.40) corresponds to the Mn4+,
while lower one at around 642.19 (642.81) eV for x = 0.30 (x = 0.40)
corresponds to the Mn3+. The percentage concentration of each ions
in the samples was determined by calculating the area under the peak
and was found to be 69.41 (60.83) % for Mn3+ in x = 0.30 (x = 0.40)
and 30.58 (39.17) % for Mn4+ in x = 0.30 (x = 0.40). A higher con-
centration of Mn3+ ions than Mn4+ and also an increase in Mn4+
ions with an increase of Sr2+, the valence ratio Mn4+/Mn3+ increases
from 0.44 to 0.64 with respect to Sr2+ concentrations x = 0.30 to
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TABLE I. Lattice parameter, unit cell volume, crystalline size (S), resistivity at TMI and TMI. Saturated magnetization (MS) and
magneto-crystalline anisotropy constant (K1) at temperature 100K and 300K.
La1−xSrxMnO3 x = 0.30 Ref. 18 x = 0.33 x = 0.36 x = 0.40
a (Å) 5.503(9) 5.497(5) 5.491(4) 5.482(5)
b (Å) 5.503(9) 5.497(5) 5.491(4) 5.482(5)
c (Å) 13.358(1) 13.357(1) 13.353(6) 13.349(3)
V (Å3) 404.655(7) 403.685(0) 402.684(1) 401.250(6)
τ 0.9791 0.9817 0.9842 0.9876
ρ (mΩ-cm) at TMI 43.156 56.065 76.980 117.42
TMI (K) 368 378 367 366
MS (emu/gm) at 100K 85.87 86.35 85.18 84.35
MS (emu/gm) at 300K 59.67 61.60 59.13 54.59
K1 (105 erg/cm3) at 100K 1.08 0.83 0.76 1.02
K1 (105 erg/cm3) at 300K 0.52 0.30 0.35 0.32
0.40. This in turn may influence the magnetic and transport proper-
ties of the LSMO samples. Further, Mn2p XPS spectra for both the
compositions do not have a peak near 639 eV, showing the absence
of Mn2+ ions, which in essence suggests that the samples are not
FIG. 2. De-convoluted Mn2p XPS spectrum of (a) x = 0.30, (b) x = 0.40. Circle
indicates experimental data and solid lines represent fitted data.
oxygen deficient. Additionally, an analysis of the XPS spectrum of
La3d and Sr3d elements has been carried out (not shown). The XPS
peak of La3d5/2 at 834.5 eV and Sr3d at 133.6 eV confirms the pres-
ence of La3+ and Sr2+ respectively in the samples in accordance with
Han et al.17
The temperature dependent resistivity of La1−xSrxMnO3
(x = 0.33, 0.36, 0.40) is measured at a temperature range of 300 K
≤ T < 400 K using four probe technique are shown in Fig. 3(a)-(c)
and for x = 0.30 refer Channagoudra et al.18 (published). TMI and
resistivity at the corresponding TMI value are tabulated in Table I.
The table indicates that, the x = 0.33 sample shows the maximum
TMI in the series. In addition, TMI shifts to lower temperature side,
regardless of whether the Sr2+ concentration increases or decreases.
Similar findings are reported by Urushibara et al.19 in the phase
diagram study of La1−xSrxMnO3. It is well known that ferromag-
netic metallic behaviour in manganites is due to a DE interaction
between Mn3+ and Mn4+ and its weakening may be understood
due to competing interaction between DE interaction (Mn3+-O2−-
Mn4+) and the super-exchange interactions (Mn3+-O2--Mn3+ or
Mn4+-O2--Mn4+), which in turn reduced the TMI for x = 0.33, 0.36,
and 0.40 samples.
The temperature dependent FC and ZFC magnetization (M-T)
plot at magnetic field 500 Oe and the magnetic (M-H) hysteresis
loop measured at 100 and 300 K are shown in Fig. 4(a) and (b),
respectively. It can be observed that magnetization increases with
decreasing temperature and gradually saturates at lower tempera-
tures, indicating the transition from paramagnetic (PM) to ferro-
magnetic (FM) state with decreasing temperature. The published
literature19 observed that the PM-FM transition temperature (TC)
of the LSMO samples for Sr2+ compositions 0.30 ≤ x ≤ 0.40 was
approximately 370 K. Due to the limitation of measurements, the
magnetic measurements in this study range from 5 K to 350 K. The
saturation magnetization (Ms) at 5 K varies with Sr2+ and is shown
in inset of Fig. 4(a). In accordance with the temperature-dependent
resistivity analysis, x = 0.33 shows higher magnetization which can
attributed to the DE interaction (Mn3+-O2−-Mn4+) due to the pres-
ence of adequate amounts of Mn4+. In comparison, the relatively
lower magnetization value in the samples on either side of the
series can be understood due to the weakening of the DE inter-
action (Mn3+-O2−-Mn4+) and the growing competing interaction
AIP Advances 11, 025305 (2021); doi: 10.1063/9.0000119 11, 025305-3
© Author(s) 2021
AIP Advances ARTICLE scitation.org/journal/adv
FIG. 3. Temperature dependent resistivity of (a) x= 0.33, (b) x=0.36, (c) x= 0.40
and (d) Variation of TMI and resistivity at corresponding TMI with respect Sr2+
concentration.
between the DE interaction (Mn3+-O2−-Mn4+) and the SE interac-
tion (Mn3+-O2--Mn3+ or Mn4+-O2--Mn4+).20
The magnetic hysteresis loop (M-H) of each sample measured
at 100 K and 300 K up to 1T magnetic field are shown in Fig. 4(b).
The low coercivity and low remnant magnetization at both temper-
atures signify the soft ferromagnetic nature of the samples. Accurate
saturation magnetization (Ms) and magneto-crystalline anisotropy
(MCA) constant (K1) can be determined by applying the law of








] − χH, (1)
FIG. 4. Magnetic properties of LSMO, (a). M-T curve of LSMO measured at mag-
netic field 500 Oe. Variation of MS at 5K with respect Sr2+ concentration shown in
inset of (a). (b) Field dependent magnetization (M-H loop) at 100 K and 300 K.
Fittings of law of approach to saturation at both temperatures shown in the
inset (b).
here, aH is corresponds to the inclusions/micro-stress,
b
H2 corre-
sponds to the contribution of MCA) and xH is the forced mag-








where, K1 is the MCA constant of uniaxial crystal. The values of MS
and K1 at both 100 K and 300 K obtained using the best fit to the
Eq. (1) are mentioned in the Table I. For each sample, the obtained
significant MCA constant K1 value is of the order 105 erg/cm3, a
value comparable with the spinel ferrites such as Fe3O4, CoFe2O4,
etc.22 Also, for each sample, the value of K1 at 100 K is higher than at
300 K, suggesting that the samples at 100 K are more magnetically
ordered than at 300 K. The magnetic materials with strong MCA
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of the order 105-106 erg/cm3, offers superior qualities for magne-
toresistive random access memories (MRAM) and multifunctional
spintronic devices and have been successfully commercialized in the
last decade.22
IV. CONCLUSION
Perovskite manganites La1−xSrxMnO3 (x = 0.30, 0.33, 0.36,
and 0.40) have been synthesized by standard solid-state route and
their structural, electrical and magnetic properties have been stud-
ied. The XRD pattern refined using Rietveld technique reveals that
each sample has rhombohedral symmetry with the R3c space group.
The improvement of Mn4+/Mn3+ valent ratio with an increase in
the concentration of Sr2+, the double-exchange interaction pre-
dominates in the x = 0.33 sample, which contributes to the maxi-
mum value of Tc and Ms. The value of K1 at 100 K is higher than
at 300 K due to high magnetic ordering at low temperature. The
obtained result suggests that the LSMO samples in the composition
range 0.30 ≤ x ≤ 0.33 are a good candidate for room temperature
multifunctional devices.
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